Activation of professional phagocytes, potent microbial killers of our innate immune system, is associated with an increase in cellular consumption of molecular oxygen (O 2 
Introduction
Professional phagocytes of the innate immune system increase their consumption of O 2 during phagocytosis of microbial intruders or upon interaction with inflammatory mediators. The electron transport system responsible for O 2 consumption, the NADPHoxidase, is essential for protection against invading pathogens, as demonstrated by the susceptibility of persons with a non-functional oxidase (e.g., suffering from chronic granulomatous disease; CGD) to bacterial and fungal infections (1,2). (see Note 1).
In resting phagocytes of healthy individuals, the cytosolic components of the oxidase are separated from the membrane components. During phagocyte activation, the cytosolic and membrane components assemble to form a functional multi-component electron-transfer system, which catalyzes the reduction of molecular O 2 at the expense of cytosolic NADPH (3). Electrons are ferried from the cytosol across a membrane and delivered to O 2 present in an intracellular compartment (e.g., a phagosome) or extracellularly (3,4), although the intracellular signals responsible for assembly of the active oxidase are in many respects largely unknown. The primary product of the NADPH oxidase, superoxide anion (O 2 -), and its initial metabolite, hydrogen peroxide (H 2 O 2 ), are not sufficiently reactive to account for the bactericidal effects. Indeed, these ROS are metabolized into other reactive oxygen metabolites that are strongly anti-microbial (see Note 2). On the other hand, the precise role of ROS in microbial killing is a still matter of debate (2,5,6). Thus, it is of great importance to have access to adequate techniques for analysis of the generation/release of phagocyte respiratory burst products, not only in the extracellular milieu, but also inside these cells. We describe here some basic, easy to perform techniques that are frequently used to follow cellular production of O 2 -or H 2 O 2 .
Materials
1. 5 M NaOH stock solution.
2. 5-amino-2,3-dihydro-1,4-phtalazinedione (Luminol) solution: prepare stock solution by dissolving luminol powder (Sigma) to 50 mM in freshly-prepared 0.1 M NaOH (from 5M stock). Luminol stock solution can be stored at room temperature, protected from light, for several months. Prepare 500 µM luminol working solution fresh on the day of the experiment. 
Methods
A large number of techniques have been developed over the years to measure the cellular production of different ROS ( Table 1) . Ideally, techniques for measuring cellular production of ROS should: i) be specific for a particular oxygen metabolite, ii) be sensitive, iii) not interfere with cellular function, iv) distinguish the localization of the ROS production, v) not require specialized laboratory equipment that is expensive or complicated to handle, and vi) be easy to standardize. Nevertheless, no single technique has hitherto been found that satisfy all of these criteria (see Note 3). The drawbacks of the various techniques differ, and more than one technique usually has to be included in the methodological repertoire of oxygen radical scientists. Three of the techniques that we have used to characterize respiratory burst activity in human phagocytes are described in detail below, and these methods serve as valuable tools in both basic and clinically-oriented research involving phagocyte function.
Detection of Extracellular ROS
It is generally assumed that the NADPH-oxidase is assembled and activated either in the plasma membrane or in the membranes of internalized phagosomes (7,8). ROS generated will then either be released from the cells (activation in the plasma membrane) or be retained inside the phagocyte (activation in the phagosomal membrane). Thus, it is important to measure both intra-and extracellular ROS production by phagocytes treated with various activating stimuli.
Extracellular O 2 -Detection by Isoluminol-amplified Chemiluminescence
There are several dyes that after being excited by ROS release energy in the form of light (i.e., chemiluminescence). Among these dyes, the membrane-permeable luminol ( Fig. 1) is the most intensively investigated and most frequently used in the free radical research field (see Note 4). Luminol is an activity amplifier that decreases the detection limit substantially, thus making the technique very sensitive (see Note 5). Changing the position of the amino 6 group in the phthalate ring of luminol does not change the ability of the molecule to detect ROS. However, moving the amino group away from the first carbon atom in the aromatic ring makes the molecule more hydrophilic and less able to transverse biological membranes.
Thus, isoluminol ( Fig. 1) can be used to exclusively measure ROS released from activate cells (9,10). While this method provides a relative measure of ROS, does not quantify actual moles of O 2 -present in the sample.
1. Add 600 µL of KRG to Eppendorf tubes or luminometer tubes for each sample. (see
Note 6).
2. Add 100 µL of fresh 500 µM isoluminol solution. 
Extracellular O 2 -Detection by Reduction of Cytochrome c
ROS can reduce a number of different substrates, and techniques that exploit the absorbance change of chromogenic substrates are commonly used to measure ROS production. Here we describe a simple and highly-reproducible technique that relies on the reduction of the membrane-impermeable substrate cytC by O 2 -. The reduction of cytC can be detected by the change in absorbance at 550 nm with a spectrophotometer. As there is a one-to-one molar stoichiometry between O 2 -produced and cytochrome c molecules reduced, the actual amount of O 2 -produced can be quantified with this technique.
1. Prepare two cuvettes for each sample (i.e., a sample and a reference cuvette). (see
Note 6).
2. Add 700 µL of KRG to the sample cuvette and 690 µL of KRG to the reference cuvette.
3. Add 100 µL of cytC solution to both cuvettes.
4. Add 10 µL of SOD solution to the reference cuvette only. (see Note 11).
5. Add 100 µL of cells (≥ 5x10 5 cells) in KRG to both cuvettes.
6. Equilibrate both samples to the desired temperature in a thermostatted cuvette holder or water bath.
7. Add 100 µL of a stimulus dissolved in KRG to activate the cells. (see Note 9).
Continuously monitor the change is absorbance at 550 nm in a spectrophotometer
(preferentially equipped with a thermostated sample holder). (see Note 10).
9. Determine the change in absorbance (ΔOD 550 ) for each sample by subtracting the absorbance of the reference cuvette containing SOD from that of the sample cuvette for each sample for each time point.
10. Calculate the molar amount of O 2 -generated per unit time and volume using the BeerLambert law with an extinction coefficient (ε) of 21. can subsequently be followed continuously using a fluorometer (preferentially one with a thermostated cuvette holder), including microtiter plate fluorometers.
1. Add 550 µL of KRG to Eppendorf tubes for each sample. (see Note 6).
2. Add 100 µL of PHPA solution. 
Detection of Intracellular ROS
It is clear that an intracellular activation of the oxidase is also achieved in the absence of phagocytosis (11), indicating that the NADPH oxidase can be assembled and activated also in a flavocytochrome b-containing intracellular membrane distinct from the phagosome (see
Note 17).
Her we describe methods for measuring intracellular ROS production by phagocytes treated with various activating stimuli.
Intracellular ROS Detection by Luminol-amplified Chemiluminescence
The membrane-permeable dye, luminol, is excited by phagocyte-generated ROS, resulting in chemiluminescence. By adding the membrane-impermeable enzymes, SOD and catalase, to reaction mixtures to remove secreted O 2 -and H 2 O 2 , ROS generated specifically in intracellular compartments can be measured.
1. Add 680 µL of KRG to Eppendorf tubes or luminometer tubes for each sample. (see
Note 6).
2. Add 100 µL of fresh 500 µM luminol solution. 
Intracellular H 2 O 2 Detection by PHPA Fluorescence
As mentioned above, some of ROS generated in neutrophils will be retained inside the phagocyte (see Note 17). O 2 -generated inside an intracellular compartment cannot normally be determined extracellularly, simply because neutrophils lack the anion channels needed for O 2 -to pass biological membranes (12). Similarly, H 2 O 2 generated in an intracellular compartment cannot be measured extracellularly, but for different reasons. H 2 O 2 can pass biological membranes but is rapidly consumed by endogenous peroxidases and catalase on its way from intracellular compartments to the plasma membrane. However, if endogenous MPO and catalase are inhibited (e.g., with NaN 3 ), then the PHPA technique described above can also be used to determine intracellular production of H 2 O 2 (13,14).
Prepare two Eppendorf tubes for each sample (i.e., a sample and a reference tube). (see

Note 6).
2. Add 550 µL of KRG to the sample tube and 600 µL of KRG to the reference tube.
3. Add 100 µL of PHPA solution. 
3.
As of yet, no technique has been found sufficient to determine respiratory burst activity in relation to microbicidal events and tissue destruction or for determining the effects of different pharmacological agents affecting cellular responses.
4. In order for luminol to react with oxidants in an intracellular compartment, it has to cross one or more biological membranes. Currently, very little is known about the diffusion properties of luminol or the diffusion limitations in different phagocyte membranes (plasma membrane, granule membranes, and/or phagolysosomal membranes).
The requirement for ROS in the luminol-dependent chemiluminescence reaction is
shown by the absence or very low levels of chemiluminescence obtained when stimulating cells isolated from patients with CGD (Fig. 2) . In addition, neutrophils 11. In order to specifically determine the amount of O 2 -produced, SOD is added to reference samples so that any part of the signal that is not SOD-inhibitable (i.e., not due to O 2 -) can be subtracted.
12. O 2 -production is often calculated and reported as the amount produced by 
